Following the successful operations of the first Visible Infrared Imaging Radiometer Suite (VIIRS) instrument on-board the Suomi National Polar-orbiting Partnership (SNPP) spacecraft since launch in October 2011, a second VIIRS instrument to be on-board the first Joint Polar Satellite System (JPSS-1) satellite has been fabricated, tested and integrated onto the spacecraft, readying for launch in 2017. The ground testing, including geometric functional performance testing and characterization, at the sensor level was completed in December 2014. Testing at the spacecraft level is on-going. The instrument geometric performance includes sensor (detector) spatial response, band-to-band coregistration (BBR), scan plane and pointing stability. The parameters have been calibrated and characterized through ground testing under ambient and thermal vacuum conditions, and numerical modeling and analysis. VIIRS sensor spatial response is measured by line spread functions (LSFs) in the scan and track directions for every detector. We parameterize the LSFs by: 1) dynamic field of view (DFOV) in the scan direction and instantaneous FOV (IFOV) in the track direction; and 2) modulation transfer function (MTF) for the 17 moderate resolution bands (M-bands) and for the five imagery bands (I-bands). We define VIIRS BBR for M-bands and I-bands as the overlapped fractional area of angular pixel sizes from the corresponding detectors in a band pair, including nested I-bands within the M-bands. The ground tests result in static BBR matrices. VIIRS pointing measurements include scan plane tilt and instrument-tospacecraft mounting coefficients. This paper summarizes the pre-launch test results along with anomaly investigations. The pre-launch performance parameters will be tracked or corrected for as needed in on-orbit operations.
INTRODUCTION
The NASA/NOAA Visible Infrared Imaging Radiometer Suite (VIIRS) instrument onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite has performed well on-orbit [1, 2, 3, 4] since it was launched in October 2011. A second VIIRS instrument has been fabricated, tested and integrated onto the first Joint Polar Satellite System (JPSS-1 or J1) spacecraft to be launched in 2017. The nominal design of this second instrument is the same as the first one onboard the SNPP spacecraft. Some improvements were incorporated based on the experiences and lessons learned from the first instrument. The optical system has been improved, yielding better MTF performance and Band-to-band (BBR) performance in the scan direction. The scan rate is faster and closer to its nominal designed value. With the number of samples in the I-bands and the M-bands the same in the scan direction and this faster scan rate, the scan angle range from the beginning to the end of a scan is changed from +/-56.28 degrees [2] in SNPP VIIRS to +/-56.04 degrees in J1 VIIRS ( Figure 1 ). The swath width is a little narrower, from 3,056 km for SNPP VIIRS to 3,012 km for J1 VIIRS, at the minimum altitude of 828 km experienced by the SNPP satellite on-orbit operations. The pixel sizes for I-bands and Mbands are also ~3.5% smaller at the ends of a scan. However, some anomalies were encountered, for example, nonlinearity in radiometric responses in day-night band (DNB) that resulted in coarser spatial resolution near the ends of a scan, and the bands on the cold focal planes mis-register from the bands in VisNIR focal plane by about 7% M-band pixels in the track direction (more on this below). Another possible issue arising from the SNPP and JPSS orbit configuration and the nominal VIIRS design is the VIIRS scan-to-scan underlap over the equator region. This is discussed in more detail in an accompanying paper in this issue of the conference proceedings [5] . *Gary.Lin@nasa.gov; glin@ssaihq.com; phone 301-614-5451; fax 301-614-5269; www.ssai.org
On-board sample deletion deletes 2 M-band (4 I-band) detectors in the 2 sample aggregation zone and 4 M-band (8 Iband) detectors in the no-aggregation zone. The numbers in parentheses for the "Sample no." and "HSI Scan (m)" are for dual-gain M-bands before aggregation, SDR of which are available to the ground as intermediate products. Fig. 1 . Illustration of a half J1 VIIRS scan with off-nadir extents of ground coverage, three aggregation zones, detector samples not transmitted to the ground in the bow-tie overlap areas, and pixel sizes at the likely minimum altitude of 828 km based on SNPP on-orbit experience.
In this paper, Section 2 discusses the J1 VIIRS spatial response for the I-bands and M-bands. Section 3 then discusses the I-band and M-band spectral band-to-band co-registration. Then Section 4 discusses the pointing performance followed by the DNB geometric performance in Section 5. Lastly, Section 6 is the conclusion and discussion.
VIIRS SENSOR SPATIAL RESPONSE PERFORMANCE
The instrument sensor (detector) spatial response is a system spatial impulse response for each detector as measured by its point spread functions (PSFs). In the ground tests, the PSF for each detector is decomposed into and measured by line spread functions (LSFs) in the scan and track directions. Details of scan direction dynamic LSF (DLSF) construction, including corrections for the throughput non-uniformity [6] from the non-uniformity of the slit lines in the source reticles and the phase non-uniformity from non-uniformity of slit spacing are described in a great length for SNPP VIIRS spatial performance characterization [7] . Figure 2 shows the DLSFs in the scan direction for typical detectors in the middle of an I-band detector array and an M-band detector array. The "ideal" DLSFs are the results of ground coverage equivalent to a detector size in the scan direction convoluted with the equivalent of a sample integration time [7] without optical blur. The DLSFs for MODIS [8] are shown as a comparison of various instrument designs which may have some impacts on remote sensing retrievals [9] . (Note that MODIS does not employ aggregation and bowtie deletion schemes as VIIRS does.) As we can see, the J1 VIIRS instrument has improved the optical performance, as the system DLSFs are closer to the ideal approximations. From the DLSFs in the scan direction, the dynamic field of view (DFOV) and modulation transfer function (MTF) are derived for every tested detector. Figure 3 shows DFOV for every I-band and M-band detector. We can see that the optical performance for VisNIR (Visible and Near Infrared) bands I1-I2 and M1-M6 is better in J1 VIIRS than that in SNPP VIIRS and bands I1-I2 will have more under-sampling effects, especially in the non-aggregated 1x1 zones. All Mband detectors over-sample radiance from the earth surface in the non-aggregated 1x1 zones. In the aggregated zones, the effect of under-sampling or over-sampling is reduced [10] . The MTF for all J1 VIIRS I-band and M-band detectors based on the thermal vacuum (TVac) nominal plateau is shown in Fig. 4 . Data for all bands is shown but the specification applies only to the M-band detectors. The MTF for I-bands is shown also, to demonstrate that the nature of the imagery bands that have sharper images than those of the M-bands, which are also referred to as radiometric bands [11] . The single mal-functioning detector I3D4 (or I3D29 in the on-orbit order) shows up as having a low MTF. I1  I1  I2  I2  I3  I3  I4  I4  I5  I5  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  M12  M13  M14  M15  M16A I1  I2  I2  I3  I3  I4  I4  I5  I5  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  M12  M13  M14  M15  M16A Again, we see that JI VIIRS has a better MTF than SNPP VIIRS, especially for the VisNIR bands. Also, a side-lobe of ~ 5% in band M-11 DLSF in SNPP VIIRS [7, 10] does not occur in J1 VIIRS.
In the track direction, the LSFs are nearly instantaneous since the ground speed in the flight direction (also the VIIRS track direction) is more than 2 orders of magnitude smaller than the speed VIIRS scans in the cross-track direction. Thus the LSFs are nearly square with their FOVs the same as sampling intervals and MTF close to ~0.6 at the Nyquist frequency [7] . Since the optical performance for J1 VIIRS is better than that of the SNPP VIIRS, we do not show LSFs and their derived parameters here. I1  I1  I2  I2  I3  I3  I4  I4  I5  I5  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  M12  M13  M14  M15  M16A 
SPECTRAL BAND-TO-BAND CO-REGISTRATION PERFORMANCE
The spectral band registration (SBR) tests for J1 VIIRS were performed similarly as those for SNPP VIIRS [7] . In the scan direction, SBR tests were performed to adjust scan rate was as well as relative timing delays between the three focal planes and between the I-bands and M-bands. The results in the TVac nominal performance plateau are shown in Figure  6 . Owing to the improvements in the optical performance as described in Section 2 above, the scan rate for the J1 VIIRS build was exactly at the nominal design value of 3.517 rad/s or the scan period of 1.786 seconds. During on-orbit geolocation calibration and validation, the band I1 images are used to match the ground control points [7] . The SBR results as plotted in Figures 6 and 7 are relative to band I1, so that we will have an idea what are the errors in geolocation that other band may have. As we can see, all bands are co-registered with band I1 within ~5% of an M-band sample. We also see that the odd and even detectors register differently, especially for bands M12, M13 and I5. M2  M4  M3  I1  I1  I2  I2  M7  M5  M6  M13  M12  I4  I4  I3  I3  M10  M11  M8  M9  I5  I5  M16A  M16B  M15 M1  M2  M4  M3  I1  I1  I2  I2  M7  M5  M6  M13  M12  I4  I4  I3  I3  M10  M11  M8  M9  I5  I5  M16A  M16B  M15 For the band alignment in the track direction, most of the work was done at the component level, i.e., the aft optic assembly (AOA) level. For the J1 VIIRS, the test results under the ambient conditions were similar to the AOA tests. However, during the TVac testing, it was found that the cold focal planes, Shortwave Mid-wave Infrared (S/MWIR) and Longwave Infrared (LWIR) Focal Plane Assemblies (FPAs), were shifted about 7% M-band pixel relative to the VisNIR FPA ( Figure 7 ). An investigation as launched and found that an internal component was sensitive to thermal changes under vacuum conditions. Actions were taken to prevent possible similar happenings for future VIIRS builds. But it was decided the J1 VIIRS build is to be used as is, mostly because the BBR (below) are similar to or better than those for SNPP VIIRS [7] .
The J1 VIIRS BBR matrices are shown in Figures 8, 9 and 10 in the 1x1, 2x1 and 3x1 aggregation zones (see Figure 1 for the definition of these zones). We can see that the higher (3x1 is higher than 1x1) the aggregation zone, the better the BBR matrix. However, the improvements are not as significant for band pairs between the VisNIR FPA and the cold FPAs since the mis-registration in the track direction between these band pairs dominates.
Note that the BBR matrices shown here are the results from ground testing under "static", thermally soaked conditions. When the instrument is operated on-orbit, the BBR matrices may change due to a non-uniform thermal distribution that is dependent on orbital position. Other factors such as satellite launch shock, gravity-release, effective focal length change, jitter from moving parts (mostly motors) and scan speed variation may also affect on-orbit BBR performance. These factors may cause a few BBR pairs that have less than a 5% margin (marked in yellow cells in Figures 8, 9 and 10) to be out of specification under certain conditions. 
|<------------------Worst BBR = Minimum ( 12 or 24 DDR (detector-to-detector co-registration) pairs for HAM sides A&B-------------------->| |<--------------------------------------BBR Sepcification for 99.7% of corresponding pixel samples ------------------------------------------>| |<--BBR Sepcification for 99.7% of corresponding pixel samples--->|
|<----Worst BBR = Min ( 12 or 24 DDR) pairs for HAM sides A&B---->| Band  M1  M2  M3  M4  M5  M6  M7  M8  M9  M10  M11  M12  M13  M14  M15  M16A  M16B  I1  I2  I3  I4  I5 
|<------------------Worst BBR = Minimum ( 14 or 28 DDR (detector-to-detector co-registration) pairs for HAM sides A&B-------------------->| |<--------------------------------------BBR Sepcification for 99.7% of corresponding pixel samples ------------------------------------------>| |<--BBR
---->| |<-------------------------------------- BBR Sepcification for 99.7% of corresponding pixel samples ------------------------------------------>| |<--BBR Sepcification for 99.7% of corresponding pixel samples--->| |<------------------Worst BBR = Minimum ( 16 or 32 DDR (detector-to-detector co-registration) pairs for HAM sides A&B-------------------->|
POINTING PERFORMANCE
Pointing measurements on the ground concern on-orbit geolocation accuracy. These measurements include the scan center, scan plane tilt and pointing variations in the track and scan directions at the sensor level. Fig. 11 shows the scan plane tilt and its variation over time. The overall scan plane tilt is small and it does not change much over time. At the spacecraft level, sensor alignment relative to the spacecraft is measured and these mounting coefficients are stored in look up tables for use by the ground processing software. These coefficients will be adjusted on-orbit as was done for SNPP VIIIRS geolocation [1, 2] . The magnitude of the adjustments for SNPP VIIRS was a few times larger than what is shown here, probably due to shift caused by the shock from the spacecraft launch. 
DAY-NIGHT BAND GEOMETRIC PERFORMANCE
The day-night band (DNB) on the J1 VIIRS, as in other JPSS VIIRS, is almost an independent instrument of its own. It has four gain stages, the high gain A-side (HGA), high gain B-side (HGA), mid-gain stage (MGS) and low-gain stage (LGS). They consist of a large number of charge-coupled devices (CCDs). These CCD sub-pixels are temporally and spatially aggregated to form pixels. There are nominally 32 aggregation modes (AggModes) in both sides from nadir. The nominal pixel sizes on the ground are kept nearly constant near 750 m by aggregating up to 11 to 66 sub-pixels in the scan direction and 20 to 42 sub-pixels in the track direction. Owning to J1 VIIRS's improved optical performance over SNPP VIIRS, the LSFs are nearly square. Figure 12 shows the LSFs in four gain stages in AggMode18, which has 32 sub-pixels in the scan direction and 23 sub-pixels in the track direction. These gain stages are co-registered within themselves. (They are not co-registered with the I-bands nor the M-bands, except for the nadir pixel, which co-registers to the I-bands and M-bands to within a fraction of a pixel.) Figure 13 shows the scan co-registration of the four gain stages for AggMode18. The HGA and HAB co-register very well among themselves, and mis-register with the LGS within 1 sub-pixel. However, the MGS mis-registers with LGS about 2 sub-pixels and a little more than 2 sub-pixels (>3% at nadir) with HGA and HGB. The fraction of mis-registration in pixels varies with AggModes. The J1 VIIRS DNB encountered an anomaly in radiometric non-linearity at low radiance. It was decided that not all AggModes will be used in on-orbit operations. Instead, AggMode22 and above will be substituted with AggMode21. However, the number of samples in the scan direction will be kept the same. So, the pixel size will grow towards the ends of a scan after the original AggMode21 (Figure 14) . Those pixels beyond around 1600 km will be available in geolocation products by extrapolating available encoders covering the nominal earth view up to about 56.5 degrees offnadir but may not have good radiometric quality. 
CONCLUDING REMARKS AND PATHS FORWARD
The J1 VIIRS instrument pre-launch tests and analysis of geometric performance have been completed. Overall, the performance parameters are similar to those in the SNPP VIIRS. Most geometric parameters meet specification, with a few of them marginally out of speciation. Some improvements relative to SNPP VIIRS were made but some new anomalies occurred.
The optical performance of the J1 VIIRS has been improved. The defocus seen in SNPP VIIRS has been corrected and so the MTF in the VisNIR bands is improved. Side-lobe in the M11 scan direction DLSFs has disappeared. Because of these optical improvements, the effective focal length has achieved nominal, so that the scan rate becomes nominal at 3.51657 rad/s and scan period 1.7867 seconds, as compared to 3.53107 rad/s and 1.7793 seconds respectively in SNPP VIIRS. BBR in the scan direction has substantially improved. However, bands in the cold FPAs are shift from bands in the VisNIR by ~7% M-band pixels in the track direction, which is ~50 m nadir equivalent on the ground at nadir.
For DNB, the pixel sizes are not as uniform in J1 VIIRS as they are in the SNPP VIIRS across the whole scan, but grow after aggregation mode 21. DNB gain stages co-register well between the high gain stages and low gain stages, which are used most often during the night-time descending orbit and the day-time ascending orbit, respectively. The mid-gain stage mis-registers with high gain and low gain stages by ~2 sub-pixels (~3% at nadir).
The J1 VIIRS was aligned well, with a small scan plane tilt. Instrument mounting to the spacecraft is yet to be measured. This alignment will be used in the ground processing software. However, they will likely need to be refined on-orbit using ground control point matching (CPM) program as has been done for SNPP VIIRS geolocation on-orbit calibration and validation.
